Results of a systematic investigation of the vapour-liquid equilibria of 38 indi- They describe the simulation data generally within their statistical uncertainties.
Introduction
Knowledge of vapor-liquid equilibria (VLE) is important in many problems in engineering and natural sciences. Among the different ways to model vapor-liquid equilibria, molecular simulation has the highest potential to yield significant improvements compared to existing models, especially in terms of predictive power. However, further efforts are needed until molecular simulation based models and tools will be sufficiently developed so that their advantages can help process engineers in their real world tasks.
One of the main problems to be overcome is the lack of intermolecular interaction models describing vapor-liquid equilibria of real fluids with technically relevant accuracy.
As in most applications mixtures are of interest, it is necessary to model pure fluids with a family of compatible interaction models, allowing their application for mixtures using simple combining rules. Stockmayer parameters are presented by van Leeuwen [1] for various real substances and by Gao et al. [2] for alternative refrigerants. 2CLJD parameters for various refrigerants are reported by Vega et al. [3] , Kohler and van Nhu [4] , Kriebel et al. [5] and by Lísal et al. [6] . Model parameters for the dipolar Kihara potential, which is similar to the 2CLJD potential model, are given by Lago et al. [7] for organic solvents.
The search for an appropriate interaction model for a given fluid is usually a time consuming process. In general, the focus lies on one pure fluid, where the optimization of the potential model is done by a number of simulations with subsequent variation of the model parameters, cf., e.g., van Leeuwen et al. [8] for methanol.
In a previous work we followed a new route to develop quantitative interaction models that allows fast adjustments of model parameters to experimental data for a given class of pure fluids. For the two-centre Lennard-Jones plus pointquadrupole (2CLJQ) fluid systematic studies of the vapour-liquid equilibria were carried out. The results were correlated as a function of the model parameters of the 2CLJQ fluid [9] . Using these correlations, it was possible to determine the model parameters for a large number of real quadrupolar fluids [10] . It has been shown, that these molecular models can successfully be applied for the description of vapour-liquid equilibria of binary and multicomponent mixtures [11] .
Encouraged by these favorable results, in this work an analogous investigation is carried out for the important class of dipolar fluids. Only a few studies of VLE of the 2CLJD fluid are available in the literature [6, 12, 13, 14] , which however cover only a comparatively narrow range of the model parameters. Furthermore, VLE of some submodels of the 2CLJD fluid have previously been investigated: Galassi and Tildesley [15] , Kriebel et al. [16] , and Kronome et al. [17] the 2CLJ, van Leeuwen [1] , van Leeuwen et al. [18] , Gao et al. [2] , Garzón et al. [19] , and Smit et al. [20] the Stockmayer fluid (1CLJD).
The simulation techniques applied were Gibbs-Duhem integration or the Gibbs Ensemble Monte Carlo method. The idea followed in this work is to study the VLE of the 2CLJD model fluid systematically and in detail over the whole relevant range of model parameters. Using reduced coordinates, for the symmetric 2CLJD fluid, only two parameters have to be varied: the dimensionless LJ centre-centre distance L * and the dimensionless squared dipolar momentum µ * 2 . The parameter space of interest can be covered with acceptable accuracy by studying 38 individual 2CLJD fluids with different values for L * and µ * 2 . The simulation results are correlated empirically in order to be able to interpolate between the discrete pairs of L * and µ * 2 .
Given the results from the present study, it is straightforward to adjust the molecular interaction parameters of the 2CLJD fluid to experimental VLE data of real dipolar fluids. Properties like the critical values of temperature and pressure, the acentric factor or the saturated liquid density and vapour pressure are available as functions of the molecular interaction parameters. Hence, the development of the molecular interaction model for a given substance is not more difficult than the adjustment of parameters of phenomenological thermodynamic models.
This work covers the basic molecular simulations for 38 individual 2CLJD fluids and the development of the correlations together with a discussion of these results. The application to real fluids will be presented separately.
For the calculation of vapour-liquid equilibria the NpT +Test Particle Method [21] was chosen due to favourable experience with that method especially concerning accuracy.
Investigated model class
In this work pure two-centre Lennard-Jones plus axial pointdipole (2CLJD) fluids are studied. The 2CLJD potential model is composed of two identical Lennard-Jones sites a distance L apart (2CLJ), forming the molecular axis, plus a pointdipole (D) µ placed in the geometric centre of the molecule along the molecular axis. The pair potential u 2CLJD
and further technical details are described in the Appendix A.
The parameters σ and ǫ of the 2CLJD pair potential were used for the reduction of the thermodynamic properties as well as the model parameters L and µ 2 :
The reduced parameters L * and µ [26] extended to NpT ensembles [27] was used in this work. In comparison to Widom's test particle method, where real particles are inserted in the fluid, in gradual insertion one fluctuating particle is introduced, that undergoes changes in a predefined set of discrete states of coupling with all other real particles of the fluid.
Preferential sampling is done in the vicinity of the fluctuating particle. This concept leads to considerably improved accuracy of the residual chemical potential. Gradual insertion simulations were performed with N = 864 particles in the liquid phase at 0.55 · T * c .
Starting from a face-centred lattice arrangement every simulation run was given 5, 000
Monte Carlo loops to equilibrate. Data production was performed over n = 100, 000
Monte Carlo loops. One Monte Carlo loop is defined here as N trial translations, (2/3) N trial rotations, and one trial volume change. Further simulation parameters for runs with gradual insertion were taken from Vrabec et al. [27] . 4 Simulation results of VLE data and critical data Critical data were determined here with the method of Lotfi et al. [32] , who, by simple means, found reliable critical data for the 1CLJ model fluid. It is known that the densitytemperature dependence near the critical point is well described by ρ
given by Guggenheim [33, 34] . Eqs. (1) and (2), suggested by Lotfi et al. [32] , were used for the correlation of the saturated densities from simulation
The simultaneous fit of saturated liquid and saturated vapour densities yields not only the Table 2 . In most cases critical temperatures obtained from the simulation data are lower than those estimated by the 2CLJD EOS. Table 2 also contains the critical compressibility factor
which is a non-reduced property of the 2CLJD fluids. It is therefore of particular interest for comparisons to real dipolar fluids.
The uncertainties of T * c and ρ * c are similar as those found in an analogous investigation of the two-centre Lennard-Jones plus pointquadrupole fluid [9] . They are estimated to be σ(T third digit after the decimal point.
Global correlation of VLE data
In order to obtain VLE data for the whole range of µ * 2 , L * and T * the molecular simulation data from this work were globally correlated. The critical data T *
are the key VLE data for an adjustment to real fluids. The adequate shape of the temperature-density coexistence curve was achieved by simultaneously cor- 
Critical properties
The correlation functions 
Saturated densities, vapour pressure
The temperature-saturated density correlations are based on Eqs. (1) and their coefficients are given in Table 3 Relative deviations of the saturated vapour densities are not illustrated here. The vapour density correlation should not be used below 0.60·T c (µ * 2 , L * ). At low temperatures the correlation is not useful as it does not capture the limiting case of the ideal gas, which is independent of the parameters µ * 2 and L * .
In most cases, the vapour pressure correlation represents the simulation data within their uncertainties. It has to be mentioned, that, except for simulations with gradual insertion, simulations at low temperature state points yield vapour pressures with increased uncertainties due to the uncertain values of the chemical potential obtained by Widom's test particle insertion in dense liquid phases.
By extrapolating the vapour pressure correlation slightly to the critical point, the
can be calculated from the correlations discussed before. Table 2 contains the critical pressures and the acentric factors for the 2CLJD model fluids calculated on the basis of these correlations.
Discussion

Comparison to results of other authors
The results from the present study are compared here to the simulation results of other authors. of course show larger deviations. Molecular simulations with considerably lower particle numbers yield slightly lower densities, thus causing systematic negative deviations, as can be observed, for example, for data from Lísal et al. [12] . Also for the vapour pressure good agreement is observed, as large uncertainties of the literature data have to be assumed if they have not been specified, cf. Fig. 7 , bottom.
Present 2CLJD VLE data generally show much lower statistical uncertainties than those of other authors, and they have the advantage that uniformly the same simulation method was used to produce them over a large parameter range.
Thermodynamic consistency test
The thermodynamic consistency of the simulation data was checked with the ClausiusClapeyron equation
The vapour pressure correlation from this work was used to evaluate the left hand side of Eq. (4). The right hand side of Eq. (4) was calculated from the simulation data of this work, the uncertainty was calculated by the error propagation law. The requirements of Eq. (4) are fulfilled for almost all temperatures within the uncertainties of the right hand side of Eq. (4). Hence, it is concluded that the data from this work are thermodynamically consistent.
Locus of the critical point
The influence of the dipole µ * 2 and the elongation L * on the critical properties can be studied in Table 2 The critical pressure p * c of the 2CLJD fluid decreases strongly with increasing elongation L * for a fixed dipolar momentum µ * 2 . For a fixed elongation L * , the critical pressure typically shows a maximum with increasing dipolar momentum µ * 2 , cf. Table 2 . This behaviour agrees with results from Lísal et al. [13, 6] for the 2CLJD fluid.
As shown in Figs. 3 
Deviation from principle of corresponding states
Both the presence of a dipole and molecular anisotropy cause deviations from the simple principle of corresponding states [36, 13] These deviations from the simple principle of corresponding states are reflected by the behaviour of the acentric factor ω vs. µ * 2 and L * , cf. Eq. (3) and Table 2 . The more a fluid deviates from that principle, the higher ω will be.
A principle of corresponding states for the relative increase of the critical temperature has been derived by Garzón et al. [36, 38] for dipolar and quadrupolar Kihara fluids.
In analogy to results in a comprehensive investigation of the 2CLJQ fluid [9] , where that principle of corresponding states could not be confirmed for the 2CLJQ fluid, in this work, that principle could not be confirmed for the 2CLJD fluid, either. This is a further clear hint on considerable differences between the thermodynamics of two-centre Lennard-Jones fluids and Kihara fluids.
Conclusion
The present paper aims at the qualitative and quantitative improvement of available VLE data of the 2CLJD model fluid. In a systematic investigation the two parameters In order to obtain useful tools for adjustments of model parameters of the 2CLJD fluid to experimental data of real fluids, global correlations of the critical data, the saturated density coexistence curve, and the vapour pressure curve of the 2CLJD fluid were developed. Data from this work agree well with results of other investigators. In most cases, however, data from this work have lower uncertainties, furthermore the whole data set is self-consistent.
Using the correlations from this work, the influence of µ * 2 and L * on the locus of the critical point and on the shapes of the saturated density coexistence curves and of the vapour pressure curves were studied. Deviations from the principle of corresponding states are due to the presence of polarity and anisotropy.
The correlations resulting from this work will be used to develop molecular models for real dipolar fluids. For all simulations, the centre-centre cut-off radius r c was set to 5.0 · σ. Outside the cut-off sphere the fluid was assumed to have no preferential relative orientations of the molecules, i.e., in the calculation of the LJ long range corrections for the potential internal energy, the virial, and the chemical potential, orientational averaging was done with equally weighted relative orientations as proposed by Lustig [40] . Long distance corrections for the dipolar part of the potential model were calculated with the reaction field method [41, 42] . The reaction field is derived from the polarization of the dielectric continuum supposed to surround the cut-off sphere of molecule i and is calculated as
For sufficiently large systems, i.e. N ≥ 500, the sensitivity of simulation results to the value of the relative permittivity ǫ s is negligible, cf. Saager et al. [42] . Therefore, the relative permittivity ǫ s is usually set to infinity in simulations of dipolar fluids, cf. [13, 19, 43] . For reasons of consistency, in this work, the relative permittivity ǫ s was uniformly set to infinity.
The interaction of the reaction field E RF,i with the dipole µ i of molecule i contributes to the potential energy of this molecule
The dipolar potential internal energy per particle of the system of N 2CLJD particles is The homogeneous reaction field E RF,i in each cut-off sphere exerts no force on the dipole µ i in the centre of the cut-off sphere, however, its contribution to the torque on molecule i is τ RF,i = µ i × E RF,i , which has to be added when molecular dynamics simulations are considered.
For the vapour pressure -temperature correlation the polynomial ansatz ln p
